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Abstract 

We study the age problem of the universe with the holographic DE model 
introduced in [21] , and test the model with some known old high redshift objects 
(OHRO). The parameters of the model have been constrained using the SNIa, 
CMB and BAO data set. We found that the age of the old quasar APM 08 
279+5255 at z = 3.91 can be described by the model. 

PACS: 98.80.-k, 95.36.+X 

1 Introduction 

The astrophysical data from distant la supernovae observations [1], [2], cosmic mi- 
crowave background anisotropy [3J, and large scale galaxy surveys [1], [5], all indicate 
that the current Universe is not only expanding, it is accelerating due to some kind of 
negative-pressure form of matter known as dark energy ( [S] , [Z] , [H] , [H] ) • The combined 
analysis of cosmological observations also suggests that the universe is spatially flat, 
and consists of about ~ 1/3 of dark matter (the known baryonic and nonbaryonic 
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dark matter), distributed in clustered structures (galaxies, clusters of galaxies, etc.) 
and ~ 2/3 of homogeneously distributed (unclustered) dark energy with negative 
pressure. Despite the high percentage of the dark energy component, its nature as 
well as its cosmological origin remain unknown at present and a wide variety of mod- 
els have been proposed to explain the nature of the dark energy and the accelerated 
expansion (see [51 El El E] for review). Among the different models of dark energy, the 
holographic dark energy approach is quite interesting as it incorporates some concepts 
of the quantum gravity known as the holohgraphic principle ( fiU\ fTT j \T2 \ [T3l HI] ) .which 
first appeared in the context of black holes and later extended by Susskind [H] 
to string theory. According to the holographic principle, the entropy of a system 
scales not with its volume, but with its surface area. In the cosmological context, the 
holographic principle will set an upper bound on the entropy of the universe [15] . In 
the work [13j, it was suggested that in quantum field theory a short distance cut-off 
is related to a long distance cut-off (infra-red cut-off L) due to the limit set by black 
hole formation, namely, if is the quantum zero-point energy density caused by a short 
distance cut-off, the total energy in a region of size L should not exceed the mass of 
a black hole of the same size, thus L^Pa < LM^. Applied to the dark energy issue, 
if we take the whole universe into account, then the vacuum energy related to this 
holographic principle is viewed as dark energy, usually called holographic dark en- 
ergy [I3] [T6|, [H]. The largest L allowed is the one saturating this inequality so that 
we get the holographic dark energy density p\ = Sc^MpL'"^ where is a numerical 
constant and = SnG. 

Choosing the Hubble horizon as the infrared cut-off, the resulting p\ is com- 
parable to the observational density of dark energy [TH|, [IS]- However, in [TB] it was 
pointed out that in this case the resulting equation-of state parameter (EoS) is equal 
to zero, behaving as pressureless matter which cannot give accelerated expansion. 
The particle horizon [17j also results with an EoS parameter larger than —1/3, which 
is not enough to satisfy the current observational data, but the infrared cut-off given 
by the future event horizon [17], yields the desired result of accelerated expansion 
with an EoS parameter less than —1/3, despite the fact that it has problems with the 
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causality. Another holographic DE model have been considered in [19], [20]. 
Based on dimensional arguments, in fUi [22] we have proposed an infrared cut-off for 
the holographic density of the form p ^ aH^ + l3H. Though the theoretical root of 
the holographic dark energy is still unknown, this proposal may point in the correct 
direction as it can describe the dynamics of the late time cosmological evolution in a 
good agreement with the astrophysical data. Another interesting fact of this model 
is that the resulting Hubble parameter (and hence the total density) contains a mat- 
ter and radiation component [21], which become relevant at high redshifts in good 
agreement with the BBN theory, and explain the cosmic coincidence. An important 
fact is that this model can exhibit quintom nature without the need to introduce any 
exotic matter 

In this paper we use the cosmological constraints on the holographic dark energy 
model [21] obtained form the 307 SNIa data set, CMB anisotropy and BAO (baryon 
acoustic oscillation) observations, to evaluate the age of the three known old high 
redshift objects OHRO and compare with the ages estimated by observations. This 
kind of test is useful to impose further constraints on the present holographic DE 
model. 



2 Restricting the parameters of the Model 

Let us start with the main features of the holographic dark energy model. The 
holographic dark energy density is given by 

PA = 3 (aH^ + (3H^ (2.1) 

where a and /3 are constants to be determined and H = a/a is the Hubble parameter. 
The usual Friedmann equation is 

= 1 (P™ + Pr + pa) (2.2) 

where we have taken 8ttG = 1 and pm, Pr terms are the contributions of non- 
relativistic matter and radiation, respectively. Setting x = In a, and solving the 
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Friedmann equation (2.1) one obtains (see [21]) 



where we have introduced the scaled Hubble expansion rate H = H/Hq, and Ho 
is the present value of the Hubble parameter (for x = 0). Here Qmo = 
and Qro = Pro/3-f^o current density parameters of non-relativistic matter and 

radiation, and C is an integration constant. The three constants a, (3 and C are 
related by two conditions: the restriction imposed by the flatness condition and the 
current {x = 0) holographic DE equation of state. Solving this conditions with respect 
to one of the parameters (/5) conduce to the relations (see |21j for details). 

= 1 [2(1 - - a,o) + PiQro + 3^o(l - ^mo - ^ro) + 3)] (2.4) 



and 



2(^^m0 + ^ro) ~ P l^rO + 3u;o(l ~ ^mO " ^ro)] 



(2.5) 



Replacing this expressions for a and C in (2.3), and considering in what follows 
Qro = 0, we obtain a (/5, ^mo, ci;o)-dependent Hubble parameter, where Uq is the 
present dark energy EOs parameter. 

Next we constraint the parameter f3 using the latest observational data including 
the joint analysis of the 307 super nova SNIa data from the union compilation set 
[2], the cosmic microwave background (CMB) anisotropy and the baryon acoustic 
oscillation (BAO) observations |4j. To constraint f3, we assume priors on the dark 
matter density parameter Q^no ^-nd the dark energy EOS parameter ujq, based on the 
well known amount of observational data which restricts this parameters with high 
level of confidence [H E], [3l H] . To consider the constraints from the 307 SNIa union 
sample, let us introduce the standard useful formulas and definitions. The theoretical 
distance modulus is defined as 

fJ^thizi) = bLogioDLizi) + po (2.6) 
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where /xq = 42.38 — bLogioh, h is the Hubble constant Hq in units of 100 km/s/Mpc 
and Dl{z) = HQdL{z)/c. The luminosity distance times Hq is given by 

cdz' 



driz) 



'l + z) 



Hiz', 



(2.7) 



where H{z^ 9) from Eq. (2.3) in terms of z is given by 
2 „ , 1 



Hiz. 



3(3 -2a + 2 



2/5 - a + 1 



ao(l + ^) +C(1 + z 



,2(a-l)//3 



.1/2 



(2.8) 

where 9 = (/5, fi^^i^o) (after replacing a and C from ( 2.4[2.5 ) with fi^o = 0). The 
statistical function (which determines likelihood function of the parameters) of the 
model parameters for the SNIa data is given by 



307 



(2.9) 



1=1 



The function can be minimized with respect to the /iq parameter, as it is indepen- 



dent of the data points and the data set [23]. Expanding the Eq. (2.14) with respect 
to /io yields 

xlM = m-2^^oB{9) + ^^lc 

which has a minimum for fiQ = B{9)/C, giving 

B{9f 



(2.10) 



rSN,rmniO) = Xs^(^^) = Ai9) - 



c 



(2.11) 



with 



j^(^Q-j ^ ^ ifJ'obsiZi) - fJ^thiZi, /io — 0))^ 
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m = E 

i=l 
307 , 



fJ^obs{Zi) — fith{Zi, flQ — 0) 



(2.12) 



i=l « 

The next type of observations used to constraint the model parameters are the CMB 
and BAO data. We use the CMB shift parameter R defined by 

^1090 dz 



R = n 



1/2 



Hiz. 



(2.13) 
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where z = 1090 is the redshift of the recombination [25]. The distance parameter A 
is given by 



1 n dz 



2/3 

(2.14) 

ZbJo H{z,r 

with zj, = 0.35. We turn now to constraint the constant j3 (for given Q^o and uq), 
using the combined data of the 307 Union SN la, the shift parameter R of CMB and 
the distance parameter A of BAO. The total is given by 

= xIn + xImmb + xIao (2-15) 

The best-fit model parameters are those that minimize the total x^- Here Xsn is 
given by|2.11| Xcmb and Xbao are given by 



2 _ (-R - Robs^ 2 _ (^ - Apbsy , , 

Xcmb — 2 ' Xbao — 2 {-^.lo) 

The SDSS BAO measurement ([26]) gives the observed value of A = 0.469(ns/0.98)^'^'^^± 
0.017 with the spectral index as measured by WMAP5 [23], taken to be Ug = 0.960. 
The value of the shift parameter R has also been updated by WMAP5 [25] to be 
1.710 ± 0.019. The table I shows the best fit value for (3 with la uncertainty, a and 
C, assuming priors for Q„io and c^o- 
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/3(la) 


a 


C 


0.28 


-1 


0.6251°:°! 


0.983 


0.707 


0.28 


-1.2 


0.4831^20 


0.819 


0.691 


0.22 


-0.91 


0.7811°:°^! 


1.12 


0.791 


0.22 


-0.92 


0.7681H^^ 


1.05 


0.789 


0.21 


-0.91 


0.794+°:°^ 


1.125 


0.803 


0.21 


-0.92 


0.7811°:°^ 


1.11 


0.802 


0.27 


-1 


U.UOO_g Q2g 


0.986 


0.720 


0.26 


-1 


U.U^i_Q Q26 


0.990 


0.732 



Table 1: The best-fit values for (3 with la error, from the joint SNIa+CMB+BAO 
analysis, with different priors on fimo and ojq. 



3 Testing the model with the OHRO 

Here we consider the age problem in the present holographic DE model by comparing 
the ages of the three well known old high redshift objects (OHRO), with the ones 



estimated using the holographic model 2.1, with the parameters constrained by the 



joint analysis of the 307 SNIa+CMB+BAO observations [21 g]. The three old high 
redshift objects are: the 3.5 Gyr old galaxy LBDS 53W091 at redshift z = 1.55 [27], 
the 4.0 Gyr old galaxy LBDS 53W069 at redshift z = 1.43 [28], and the old quasar 
APM 08 279+5255 at ^ = 3.91 with an estimated age of 2.0 - 3.0 Gyr [29j. These 
three OHRO have been used to test many dark energy models, and it was found that 
the ages of the two OHRO at 2; = 1.43 and z = 1.55 can be described by most of the 
models, whereas the object at z = 3.91 can not be described by the known models of 
DE, including the ACDM model, giving rise to the age problem in the DE models, 
(in [5U] the object was accommodated but by lowering the reduced Hubble constant 
h to 0.56). The age of the universe can be measured by the Hubble parameter as a 
function of the redshift z and is given by 

(l + z)H(z) 
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or introducing the dimensionless age parameter 

r{z) = Hot{z) = r (3.2) 

At any redshift, the age of the universe should be larger than, or at least equal to 
the age of the old high redshift objects OHRO, namely t{z) > tqhro- To compare 
the model r with the observational values tohro at the given redshifts, is useful to 
use the parameter r] = t{z) /tqhro (see [30]), which should be larger than 1 in order 



to accommodate the object into the DE model. Note that from Eq. (2.7), t[z) is 
independent of the Hubble constant Hq. On the other hand, tqhro is proportional 
to i^O) so we have some freedom in choosing the adecuate value for Hq between 
the experimental bounds, in order to adjust the tqhro- Using the lower bound 
h = 0.64 (corresponding to the result of Freedmann et al. [31j h = 0.72 ± 0.08), 
the dimensionless age parameter of OHROs are tohro{^-55) = 0.229, ro//Ko(l-43) = 
0.260 and tohro{'^-^^) = 0.131, where we considered the lower age estimate for the 
old quasar APM 08 279+5255. 

In terms of z the scaled H Hubble parameter is given by 

1/2 



H(z) 



fi„0(l + + T^roil + Zf + C(l + ^)2("-l)//^ 



3/? -2a + 2 ' 2p-a + l 



(3.3) 



replacing H{z) in Eq. 3.2, we can generate the holographic model-values for the 
dimensionless age parameter of the OHRO at 2; = 3.91, 1.43, and 1.55. In table II we 
show f] for the parameters model presented in table I for the best-fit f3 corresponding 
to the joint SNIa+CMB+BAO data analysis. 



4 discussion 



We have tested the holographic DE model given by (2.1 ) with the three known OHRO 
at redshifts z = 3.91, 1.43 and 1.55. First we constrained the parameters of the model 
by using the joint SNIa+CMB-|-BAO data analysis, to find the best-fit (3, and then 
trough Eqs. ( 2.3[2.4 ) we calculated a and C with different priors on fimo and luq. It 
was found that the old quasar APM 08 279+5255 at z = 3.91 can be accommodated 
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^mO 


/3(la) 


a 


r/(3.91) 


r/(1.43) 


?7(1.55) 


0.28 


0.625_g 


0.983 


0.868 


1.210 


1.291 


0.28 


0.483tn2o 


0.819 


0.840 


1.194 


1.273 


0.22 


0.78i;°:°^i 


1.12 


1.013 


1.387 


1.488 


0.22 


0.768^^^^ 


1.05 


1.011 


1.389 


1.485 


0.21 


0.794t°:°^ 


1.125 


1.043 


1.424 


1.526 


0.21 


0.781^°:°^ 


1.11 


1.042 


1.426 


1.527 


0.27 


U.UOO_Q 026 


0.986 


1.006 


1.411 


1.507 


0.26 


n 641 +0-027 


0.990 


1.030 


1.442 


1.540 



Table 2: The ratio rj = t{z)/torho at z = 3.91, 1.43 and 1.55, for the holographic 
model with the best-fit (3 from the joint SNIa+CMB+BAO data analysis, assuming 
h = 0.64 to evaluate the tqrho for Qmo = 0.28, 0.22, 0.21 and h = 0.56 for Q^o = 
0.27,0.26. 



in the model if we use lower values for the dark matter density parameter, but so that 
these values remain within the bounds established by at least the model-independent 
cluster estimate Qmo = 0.3 ±0.1 [32], as can be seen from table II for Qmo = 0.21 and 
0.22. However, this values can be ruled out by the WMAP3 bound = 0.268±0.018 
|33j . weakening the argument of the smaller Qmo- By other hand, if we take the lower 
bound on h set by Sandage et al (i.e. h = 0.56) [3l], we can go back to the accepted 
by the current observational bounds values for the Qmo- For instance, if we take 
^■mo = 0.27, 0.26 given in table II, we obtain rj = 1.006, 1.03 respectively, which again 
accommodates the old quasar APM 08 279+5255 into the holographic DE model. 
So the age problem in the present dark energy model can be solved by lowering the 
Hubble parameter, which is supported by the results of Sandage et al [34J. If we 



evaluate the age of the universe with the present model using Eq. (3.2) (with the 
lower limit z = 0), then in all the cases presented in table I the age of the universe is 
of the order of I/Hq, which for the used values of i^o gives an age between 14.8 — 17.4 
Gyr. So in this age range must be the universe if we want to accommodate the old 
quasar APM 08 279+5255 into the present holographic DE model. The age problem 
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in the context of the holographic dark energy has been also considered in [30], with 
the event horizon as the infrared cut-off. 
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